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Abstract

Three- and two- dimensional numerical studies have been carried out to simulate recent
counter-propagating shear flow experiments on the National Ignition Facility (NIF). A
multi-physics three-dimensional, time-dependent radiation hydrodynamics simulation
code is used. Using a Reynolds Averaging Navier-Stokes (RANS) model, we show that
the evolution of the mixing layer width obtained from the simulations agrees well with
that measured from the experiments. A sensitivity study is conducted to illustrate a 3D
geometrical effect that could confuse the measurement at late times, if the energy drives
from the two ends of the shock tube are asymmetric. Implications for future experiments

are discussed.



1. Introduction

As pointed out by Phillips.' turbulence in nature is often the result of dynamical
instability of shearing flows.” The Kelvin-Helmholtz (KH) instability*™ is induced from
an unstable perturbed interface between fluids subject to a parallel shear flow” and is one
of the classical problems in fluid dynamics. The development of KH instabilities often
constitutes the critical step towards the onset of turbulent mixing observed both in the

. 6-7
atmosphere and in oceans.

Understanding the dynamics of the KH instability is important not only for its own sake,
but also in the study of other hydrodynamic instabilities that one confronts in inertial
confinement fusion (ICF) research.® It has been established that the Rayleigh-Taylor
(RT)”" and Richtmyer-Meshkov (RM)'""'? instabilities can cause the breaking of the
capsule shells and prevent the ignition of the ICF devices'*'® by mixing the shell material
into the fusion fuel.'"” The KH instability is the reason for the evolution of the mushroom

'8-19 and it plays a critical role for the

structures during the RT and RM nonlinear process,
time-dependent transition to turbulence®”** of the flows driven by RT and RM

instabilities.

In order to achieve the relevant ICF temperature and pressure regimes, several KH
instability experiments have been performed at high energy density facilities. In the
OMEGA experiments in Refs. [23-27], laser-driven shock waves propagated through
low-density plastic foam placed on top of a higher-density plastic foil. Behind the shock
front, lower-density foam plasma flowed over the higher-density plastic plasma. The
interface between the foam and plastic was KH unstable. Other OMEGA experiments
were carried out using the counterflowing geometries, in which the flows enter the
apparatus from opposite directions.”®>' This geometry was used to further increase the

speed difference across the fluid interface. The designs of these laser experiments were

32-33 34-36

based on traditional and counterflowing shear flow laboratory experiments

performed in the liquid or gas phase.

The directly-laser-driven counter-propagating OMEGA platform was designed to be



flexible enough to allow the investigation of different flow conditions and physics
package geometries, without reconfiguring the drive lasers or diagnostics.”® Indeed, the
reshock and shear experiments have been carried out using the same basic shock tube
setup.” The resulting datasets have been used to verify®*?® the parameters of the BHR
turbulence model’” in an HED envirorment as implemented in the Los Alamos National
Laboratory (LANL) Eulerian code, RAGE,* to provide the validation data for
development of new techniques in large-eddy-simulations,* and to study the physics of

thermal-turbulence coupling.30

Recently, this LANL experimental testbed at OMEGA has been scaled up to the National

041 The extended shock tube

Ignition Facility (NIF) with an indirectly-driven shock tube.
length, coupled with the available stronger drive and advanced diagnostic capabilities,
created a high-energy-density hydrodynamics platform of unprecedented scale. The
counterpropagating shear experiment was again fielded to maximize the driving time of
the hydrodynamic system. Two-dimensional (2D) postshot and design radiation

hydrodynamics simulations were performed with the RAGE code.

In this paper, we perform both 2D and 3D simulations of the NIF counterprogating shear
experiments. In section 2, we review the experiments, and discuss the models and
simulations. In section 3, we show that with an appropriate initial condition, the results
from 2D and 3D mix calculations using a three-equations turbulence model agree well
with the experimental measurements. In section 4, we use the simulated 3D dataset to
illustrate a late-time three-dimensional edge-effect that can not be studied in a 2D only
setting. We conclude with a summary. Details of our analysis are provided in two

appendices.

2. Formulation of the physical problem

The experimental counterprogating shear data have been collected from the new NIF
platform pictured in Figure 1. Doss et al.*® and Flippo et al.*’ discussed the superior drive

capabilities of the NIF and the reader is referred to those papers for a detailed account.



Briefly, the x-ray drive from the laser cavities produce shocks with 130 um/ns velocities,
10 Mbar post-shock pressures, and 110 um/ns post-shock flow speeds. The shock tubes,
now 5.2 mm long and 1.5 mm ID, are filled with the same 60 mg/cc foam. After the
lasers are applied to the both ends. shock waves are launched into the system. The
ablator material is prevented from propagating down half of the tube by a hemicylindrical
Au block, which allows the shock to enter the foam in only half of the tube. After the Au
blocks on each end, the shocks are separated by an aluminum plate, and later the shocks
cross in the center of the tube creating a pressure-balanced shear-induced mix region in
the center area. In a modification from the OMEGA experiments, the tube is fitted with
gold halfraums on cither end, which use the cylindrically symmetric beam arrangement at
the NIF in a natural manner — the target is aligned vertically in the chamber. As discussed
in Refs. 40-41, this indirect-drive arrangement allows for longer lived hydrodynamics
and a cleaner implementation of the desired physics by delaying rarefactions and pressure

drops. The longer run times also allow for possible access to the turbulent regime. %

The 2D and 3D simulations reported in this paper were carried out by a Lawrence
Livermore National Laboratory (LLNL) three-dimensional, time dependent radiation
hydrodynamics simulation code KULL.* Most importantly, KULL is particularly
appropriate for our efforts, as this code models an experiment in full three dimensions
with a capability to handle multi-materials and moving boundaries through an arbitrary
Lagrangian Eulerian (ALE) formulation. By using both Lagrangian and Eulerian
formulations, material interfaces can be tracked accurately with nodes placed on material
boundaries, and strong shearing and vortical motions can be modeled as well. The
radiation flow is accurately modeled by Sy radiation transport method with multiple
energy groups®. Another interesting feature is that KULL’s mesh or zoning scheme also
differs from most other codes of this type. as it supports an unstructured mesh of arbitrary

pcrlyhedra.‘u'44

In our simulations, five materials are used to represent the polystyrene ablator with 2%
silicon, the plastic shock tube, the gold block, the foam, and the aluminum (Al) tracer
layer (Fig. 2a). An air wrap around the shock tube is added to the computational domain

to make the numerical modeling easier since the boundary condition for air can be easily
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set up and all other internal material interfaces will be handled by the code due to its
ability {o track the material interfaces using the ALE method. The total numbers of the
zones used are 2.8 million for 3D and 66,000 for 2D, respectively. The minimum zone
size is 2.5 pm. Because of the code flexibility and capability, we were able to model our
experiments in a full 3D geometry with all physics included by an optimal 3D mesh,

which has high resolutions in the regions of interest (Fig. 2b).

The turbulence model implemented in KULL and utilized in this study 1s a standard
Reynolds Averaging Navier-Stokes (RANS) model. This most updated model combines
the traditional K-L model**® with a transport equation for the mass flux.”” This K-L-a
three-equation turbulence model consists of the evolutionary equations for the turbulent
kinetic energy per unit mass, X, the equivalent turbulent length scale L, and the mass
flux, a. The performance of this turbulence model has been tested extensively and the
model equations are in fact quite similar to those of the BHR model.*” Using several
benchmark laboratory experiments, the coefficients of this RANS model have been

determined. The only adjustable parameter is the initial length scale, Lo.

3. Layer width computations

The high-energy x-ray emissions from the hohlraum upstream in the experiment, which
determines the effective preheat, was estimated around 0.5 eV at the tube center,***! The
simulation is driven by a radiation temperature source based a post-shot halfraum
simulation of NIF shot N/40117. In this simulation, the energy delivered to the two
halfraums differed by ~10%, resulting in a difference in peak radiation temperature of
about 3%. (Fig. 3). Launching shocks of equal strength from both ends of the shock tube
has at least two important benefits. First, a useful simplification can be achieved by the
symmetry of the experiment to use the data for testing the RANS model, since the
pressure gradient across the mixing layer can be eliminated.’ Second, it is shown in the
next section that the edge effects from the 3D geometry, which can confuse the
measurement at late times, can be reduced or even eliminated. In Appendix A, we

illustrate this undesirable feature with a sensitivity study using two alternative



asymmetrric drives. [t was found that there is a strong edge effect when the radiation

temperature difference between the drives is increased to 10%.

To justify the use of a radiation temperature source in the simulations, a shock timing
check was conducted. The experimental data indicated that at 17.6 ns, the shocks
launched from opposite ends of the shock tube are direclty opposite each other. Fig. 4
shows that the 2D and 3D simulations at T = 17.6 ns can accurately reproduce this shock-
timing, Furthermore, tuming on the turbulence mix model essentially does not have any

impact on this case: the difference between the shock-timing is a mere 0.1 ns.

The “clean™ layer widths are first given for both the 2D and 3D simulations in Fig. 5.
These curves are obtained from the KULL simulations with the K-L-a model turned off.
The shocks cross the central region around 17 ns. In those simulations, three phases for
the Al tracer arc noticeable: the preheat phase, the compression phase, and the layer
expansion phase. In the clean simulations, as well as in the 2D mix simulations, we also
observe recompression of the expanded layer after the compression phase as a result of

reflected waves in the system, and as reported in an early counterflowing shear study.*

In Fig. 5, the NIF experimental mixing layer widths, which are defined by looking for x-
ray {or radiographic} absorption over a pre-defined threshold, are shown for comparison
with the numerical model. The detailed experimental data analysis is given in Appendix
B, but for a given image, the definition of the mixing layer width depends on the contrast
that results from backlighter brightness and tube attenuation which may vary from shot-
to-shot. This approach is appropriate for the NIF measurements as the noise of the
radiograph is low. Using Vislt, an open source application for data analysis and
visualization, the simulated mix widths are obtained by measuring the distance at the

middle of the tracer strip.

As mentioned already, the turbulence model has a single adjustable parameter. Here, in
terms of the K-L-a model, this parameter, Ly, is the length scale at the starting time of the
simulations. Conceptually, Ly can be viewed as a parameter that is related to the initial
roughness of the interfaces. A goal of these high-energy-density physics experiments is to

provide the data needed for turbulence model development. As demonstrated in Fig. 5,
6



the results of the 2D and 3D mix width agree reasonable well with the experimental data

when Lo = 0.5x10™ (cm) and 107 (cm), respectively.

In Fig. 6, we show the sensitivity of the mix width development on the input parameter
Lo. Itisinteresting that the mixing layer width is observed to briefly spike due to a “dust-
up” effect behind the shock for several values of the initial parameter, Lo, in both 2D and
3D. Based on those data, the transition value of Ly from a compression phase to a “dust-
up” phase is around 107 for the 3D model, and the 2D model requires a larger Lo to reach
this transition. This “dust-up” behavior was previously observed in the LANL OMEGA
experiments (Fig. 4 and 6 of Ref. 29) and it was apparently due to sudden deposition of
vorticity on the layer surface as the shock passes, triggering mixing of aluminum into
foam. After this brief dust-up, in the turbulent simulation, the shear instability leads to
uniform growth of the layer mix width. Plotting the Al tracer layer material and the
plastic tube explicitly, Fig. 7 shows that the dust-up behavior is found in both 2D and 3D
with Lo=10". In order to match the observed dust-up feature, Doss et. al. required, in
addition to a high Ly that the species transport equation in RAGE be active.’® However,

-4 sroduced a dust-

as neither subsequent Omega experiments’ nor the NIF experiments
up feature as prominent as in Ref. 29, it is possible the feature is related to the specific
initial condition of the targets used in that series, a more bumpy Al tracer layer that was
vapor deposited directly on the foam, which a RANS model would not capture
accurately. Additional counterpropagating shear experiments on NIF are being
considered with different tracer materials,thicknesses and surface roughnesses, to study
the effect of the surface initial condition, and also the density of the tracer material, on

the turbulent mixing."’

To provide an instantaneous snapshot to be directly compared with experimental data,
simulated radiographs have been produced from the KULL datasets. The simulated
images depend on the backlighter energy as well as the user-input x-ray opacities. In Fig.
8, we compare our 2D and 3D simulated radiographs, using KULL data from the

turbulence model (with L,=0.5x10™), with the experimental data at 17.6 ns, 21.8 ns, and
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28.4 ns. They agree satisfactorily.

4. Edge and late-time end-effects

In Fig. 9, we examine the issue of the edge effect with our 3D simulation data at two
different times, 22 ns and 28 ns. Recall that the drive used here is derived from the
experimental data N/40777, for which the peak radiation drive temperatures at the ends
of the tube differ by ~ 3%. At this level of asymmetry, the shocks are still essentially of
cqual strength. 1t is evident that edge effects are not important for the system with a
nearly symmetric energy drive. In Appendix A, we illustrate how edge effects become

pronounced as the temperature asymmetry is increased to 10%.

The late time end-effect from materials moving toward the shock tube center can be
examined from the 2D and 3D material plots at 28.4 ns (Fig. 10). In order to isolate the
physics, these plots are produced from the "clean” calculations so that the turbulence
model influences are sidestepped. The end-effect can be easily identified from the tube
and Al tracer material, and some of the tube material is forced to move to the shock tube
center by the flow. 31 data show the end-effect clearly, but 2D data show less influence
of the tube material in the center due to the 2D numerical assumption. The aluminum
tracer layer material is shown at late time (28.4 ns) in Fig. 11 for both the clean and
turbulent {with Lo=1 0'3) calculations at 2D and 3D. As shown in Fig. 11 (as well as the
rightmost, bottom picture of Fig. 7), the 3D mix width is decreased with the end-effect

{(tube) material pushed in from both sides of the tracer layer.

Furthermore, it should be noted that the experimental radiography would not be able to
properly distinguish the shadowy areas identified from the simulated 3D Al tracer layers
(as illustrated in Fig. 11). Fortunately, this artifact still does not have significant impact at
28.4 ns on the mix width measurement, which is taken at the middle of the tracer layer.
To show the end-effect from the tube material, as well as that from a mix model, the 2D
and 3D simulated radiographs are presented in Fig. 12 from the clean and turbulent

calculations (with Ly= 0.5x10),



5. Summary

In this paper, a time-dependent radiation hydrodynarmics simulation code is used to
perform two- and three- dimensional numerical simulations of the recent National
Ignition Facility (NIF) counterpropagating shear flow experiments. The experiments
provided the data to calibrate the initial condition of 2 Reynolds Averaging Navier-Stokes
{RANS) model, and cur numerical model was used to investigate the geometry effects at
late times. The Lg parameter of the RANS model was determined so that the evolution of
the mixing layver width obtained from the simulations would agree with that measured
from the experiments. No late-time edge-effect is found when the drives from the two
ends of the shock tube are symmetric to within 3% in peak radiation temperature. When
the drive asymmelry is increased to 10% in peak radiation temperature, however, the
cdge-effect is pronounced. These numerical results provided useful information for future

experimental designs.
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Appendix A: Sensitivity to the drive asymmetry

In this appendix, we investigate the sensitivity of the edge-effect to the drive asymmetry
between the shocks from two ends of the shock tube. Another temperature source, which
was obtained by scaling an experiment's DANTE" data, will be used for this
investigation (Fig. Al). The temperature asymmetry for this synthetic shot is set to be
10%. Fig. A2 provides an illustration on how the different shock strengths have resulted
in the edge-effect for the Al tracer layer at 22 ns (from a clean calculation with

Ly=10").

To demonstrate the 3D edge-effect on Al tracer layer more clearly, the material plots of
the layer were given at both 22 ns and 28 ns in Fig. A3 from the clean (left) and mix
{right} calculations. The edge-effect in this case is very clear and this case should be
compared and contrasted to that of Fig. 9, where the temperature drive asymmetry was at
a mere 3%. In fact, the contribution to the mix widths from the edge-effect is comparable
with that from the mix model with Ly= 10", For a smailer L, setting, the edge-effect
would have relatively stronger impact on the width measurement. The significant edge
effect can also be viewed using the simulated radiograph (Fig. A4), where the tracer layer
in 3D clean calculation is significantly thicker than that of 2D clean one. Under these
conditions of temperature drive asymmetry, the Al tracer width measurements from the
radiographs of the experiments will be affected by those edge-effects. The reason is that
even this small path length of aluminum, circled in Fig. A2, has significant optical depth
to the ~6.2 keV x-rays used to image the target. It is possible that using harder x-rays or
a tracer layer approach, as in Refs. {23-27] (and many other HED instability
experiments), could mitigate this effect. We point out that 3D edge effects of this type,
related to the integrating nature of radiography methods, have also been noted (Ref. 48)
in the shear platform used in Refs. [23-27]. Notches of approximately 50 microns depth
have been added inside the target walls into which the foil fits to further mitigate any

edge effects in the experiments.
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Appendix B, Detailed data analysis from the experiments

The temporal evolution of the tracer width used for comparison to the RANS model was
measured from a series of experiments, each capturing an x-ray image of the system at
two times. An example x-ray radiograph is shown in Fig. Bl.a. The ~6.2 keV x-rays
from an iron He-o source are attenuated by the unshocked tube walls (indicated by item
{1) in B1.a), and more strongly where the shock has compressed the plastic wall (item
(2)). The tracer layer (item 3). initially centered in the tube, is distorted by the opposing
shocks, which are traveling up on the left side of the tracer strip and down on the right
side. The middle of the tracer strip remains nearly vertical because the pressure from
each of the shocks is opposed by the other, and it is this region that we used for the width

analysis.

A unique region of interest (ROI) was selected for each frame, given by the blue box in
Fig B1l.a for this frame. An edge-detection calculation was performed, using the same
threshold value for each image. In this way the edges of the tracer strip were identified
within the ROI, as shown in Fig. B1.b. The tracer strip width was calculated by
measuring the shortest distance between edges perpendicular to the tube axis for each
pixel in the vertical direction. These measurements are shown as horizontal gray bars
between the identified edges in Fig. B1.c. and the values presented in Figs. 5 and 6 are

the average of all of the measurements at a single time.
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Figure Captions:

Fig.1. The NIF target pictured, displaying (gray) the shock tube with enclosed metal plate

Tig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

with (yellow) gold plugs embedded on either end and a fiducial grid off at the

bottom. The gold hohlraums on the left and the right launch indirect shock drive

to the tube by driving the (brown) plastic ablator layer.

2a. Sketch of the target geometry: a plastic tube containing loam with gold plugs

is indirectly irradiated by two half-raums driven by lasers on both sides,

launching shock waves mto the system.

. 2b. 2D and 3D meshes with five materials plus an air wrap.
. 3. Temperature drives calculated from NIF shot N140117.

. 4. Shock crossing times from both 2D and 3D calculations agree with the

experimental time t= 17.6.

5. Comparison of the simulation data in both 2D and 3D with the experimental
data.

6. The mix width measurements from the turbulence calculations depend on
the initial condition, Lo, the 1nitial length scale. Various L settings are
used to study the sensitivity of this key parameter in the turbulence model.

7. K-L-a model with a large Ly = 107 setting, and both 2D and 3D show the
dust-up phase when the shocks cross.

8. Simulated radiographs from 2D and 3D mix models are compared with the
experimental films.

9. The 3% difference from the temperature drives has no significant impact on
the flow.

10. The end-effect from the tube material is noticeable in the 3D (left) and 2D

16



(right) clean calculations, and the 3D simulation shows a stronger end-effect

from the presence of the tube material in the middle of the shock tube.

Fig. 11. Al tracer layers are plotted from 2D and 3D simulations with

both clean and mix (Lo = 107) models. The arrows indicate the shadowy areas

of the simulated 3D Al tracer layers experimental radiography would not be

able to properly distinguish.

Fig. 12. The radiographs of Al tracer with a time history from 2D and 3D
simulations with both clean and mix models (with Ly= 0.5x10™).

Fig. Al. Dante drives from NIF shot N140117 with a 10% drive difference from both
ends.

Fig. A2. An illustration of the edge-effects from the asymmetric drive.

=
Q

. A3, The 3D edge-effect on Al tracer are plotted on the left at t = 22 ns, 28 ns,

t=]

and the Al growing widths from a mix model with Ly = 107 are plotted on the

right.

Fig. A4. Simulated 2D and 3D radiographs show different tracer widths due to the
edge-effect.

Fig. B1 (a): An x-ray tmage of the full tube width after shock crossing, approximately

23 ns. Labeled regions are (1) unshocked tube, (2) shocked tube wall, and (3)

tracer layer. (b) Central tracer region of interest is shown, with identified edges.

(¢} The distance between edges is measured over the entire length of the ROI,

given by the gray lines between the edges.
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